The glutamate system has been strongly implicated in the pathophysiology of psychotic illnesses, including schizophrenia and schizoaffective disorder. We recently found that knockout (KO) mice lacking the AMPA GluA1 subunit displayed behavioral abnormalities relevant to some of the positive symptoms of these disorders. Here we phenotyped GluA1 KO mice for behavioral phenotypes pertinent to negative and cognitive/executive symptoms. GluA1 KO mice were tested for conspecific social interactions, the acquisition and extinction of an operant response for food-reward, operant-based pairwise visual discrimination and reversal learning, and impulsive choice in a delay-based cost/benefit decision-making T-maze task. Results showed that GluA1 KO mice engaged in less social interaction than wildtype (WT) controls when tested in a non-habituated, novel environment, but, conversely, displayed more social interaction in a well habituated, familiar environment. GluA1 KO mice were faster to acquire an operant stimulus-response for food reward than WT and were subsequently slower to extinguish the response. Genotypes showed similar pairwise discrimination learning and reversal, although GluA1 KO mice made fewer errors during early reversal. GluA1 KO mice also displayed increased impulsive choice, being less inclined to choose a delayed, larger reward when given a choice between this and a smaller, immediate reward, compared to WT mice. Finally, sucrose preference did not differ between genotypes. Collectively, these data add to the growing evidence that GluA1 KO mice display at least some phenotypic abnormalities mimicking those found in schizophrenia/schizoaffective disorder. Although these mice, like any other single mutant line, are unlikely to model the entire disease, they may nevertheless provide a useful tool for studying the role of GluA1 in certain aspects of the pathophysiology of major psychotic illness.
Introduction
L-glutamate is the major excitatory neurotransmitter in the brain, and glutamatergic dysfunction is strongly implicated in neuropsychiatric diseases including anxiety, depression, bipolar disorder, and schizophrenia (Coyle, 2006) . Glutamatergic neurotransmission is mediated by a complex array of receptors belonging to the ionotropic (a-amino-3-hydroxy-5-methyl-4isoxazole propionic acid [AMPA] , N-methyl-D-aspartate [NMDA] , kainate) and metabotropic receptor (mGluR) subfamilies. AMPA receptors are postsynaptic heteromeric proteins composed of one or more glutamate receptor GluA1-GluA4 subunits (Shi et al., 2001 ) and serve as key regulators of synaptic function and plasticity (Malenka and Bear, 2004) . The functional properties of AMPA receptors are determined by subunit composition. For example, when GluA1-containing AMPA receptors lack the GluA2 subunit, they become calcium permeable and exert major contributions to synaptic plasticity (Liu and Zukin, 2007) and reward-related behaviors (Conrad et al., 2008; Engblom et al., 2008) .
In the absence of subunit-specific pharmacological tools, insight into the contribution of specific AMPA receptor subunits to various behavioral processes has come from studies of mutant mice with targeted subunit deletions. Previous studies have shown that GluA1 'knockout' (KO) mice have impaired synaptic plasticity (Zamanillo et al., 1999) , and display a complex pattern of cognitive abnormalities. GluA1 KO mice exhibit normal development, life expectancy and fine structure of neuronal dendrites and synapses. They do, however, exhibit a marked reduction in the number of functional AMPA receptors and reduced AMPA receptor-mediated excitatory synaptic currents (Andrasfalvy et al., 2003; Jensen et al., 2003; Romberg et al., 2009) . Furthermore, deletion of GluA1 also affects hippocampal synaptic plasticity directly. Initial electrophysiological characterization of GluA1 KO mice showed that hippocampal long-term potentiation (LTP), induced by high frequency tetanic stimulation, was abolished at Schaffer collateral e CA1 pyramidal cell synapses during in vitro recordings made in slice preparations from adult animals (Zamanillo et al., 1999) . However, more recent studies have revealed different results. Frey et al. (2009) recently showed that spike-timing dependent plasticity in CA1 pyramidal cells is GluA1-independent, and studies using theta-burst stimulation paradigms have revealed a gradually developing form of LTP in the GluA1 KO mice that was indistinguishable from that in wildtype (WT) mice 20e45 min after induction (Hoffman et al., 2002; Romberg et al., 2009) . Thus, following theta-burst stimulation, at least, GluA1 appears to contribute more to the early, rapidly decaying component of LTP, which might actually be considered more akin to a form of short-term potentiation (STP). Consistent with these findings, Erickson et al. (2009) have recently shown that weaker stimuli, which are insufficient to induce LTP, result in STP in WT mice, and that this is greatly reduced in the GluA1 KO mice.
The behavior of GluA1 KO mice has also been studied extensively. They appear normal on simple measures of physical health, and neurological and sensory function (e.g. Wiedholz et al., 2008 ), but we have consistently found a pronounced locomotor hyperactivity in these animals Fitzgerald et al., 2010; Wiedholz et al., 2008) . GluA1 KO mice also exhibit a pattern of cognitive abnormalities which includes impaired spatial working/ short-term memory Reisel et al., 2002; Schmitt et al., 2003 Schmitt et al., , 2005 , but intact associative, long-term spatial reference memory (Schmitt et al., 2003; Zamanillo et al., 1999) . For example, GluA1 KO mice are impaired at remembering which arm of a Y-maze they have just recently visited during a test of spatial novelty preference (Sanderson et al., 2007) , but are perfectly capable of learning the spatial location of a hidden escape platform in the standard version of the Morris watermaze task (Reisel et al., 2002; Zamanillo et al., 1999) . This dissociation between impaired short-term but spared long-term spatial memory has been demonstrated simultaneously, within a single task, using the radial arm maze (Schmitt et al., 2003) . Importantly, this dissociation argues for a very selective cognitive deficit and against a general disturbance in sensorimotor or motivational aspects of performance. Indeed, under certain conditions, long-term spatial memory is actually enhanced in GluA1 KO mice (Sanderson et al., 2009) . We have suggested that GluA1 KO mice have a deficit in short-term habituation (Sanderson et al., 2010) , an impairment that is observed with both spatial (Sanderson et al., 2010) and non-spatial stimuli (Sanderson et al., 2011a,b) , and in both male and female mice (e.g. Bannerman et al., 2004; Fitzgerald et al., 2010) .
In addition, GluA1 KO mice exhibit deficits in Pavlovian fear conditioning (Feyder et al., 2007; Humeau et al., 2007) , although the performance of GluA1 KO mice on unconditioned tests of anxiety is more complex and may be difficult to interpret given the differences in short-term habituation and locomotor activity seen in these animals (e.g. Bannerman et al., 2004; Wiedholz et al., 2008) . GluA1 KO mice (and mutants lacking the GluA1 Ser 831 phosphorylation site) have also been shown to perform abnormally on reward-and addiction-related tasks. These abnormalities include impaired extinction of cocaine-seeking (Mead et al., 2007) and conditioned reinforcement, and enhanced cued operant responding for food reward (Crombag et al., 2008b; Mead and Stephens, 2003; Mead et al., 2007) . GluA1 KO mice also display an impaired outcomespecific devaluation of instrumental responding but, by contrast, normal cocaine self-administration (Mead et al., 2007) , cued reinstatement of cocaine-seeking (Mead et al., 2007) , (food) conditioned place preference (Mead et al., 2005) and Pavlovian instrumental transfer (Crombag et al., 2008a; Mead and Stephens, 2003) . These data are consistent with an inability in GluA1 KO mice to encode the relationship between sensory-specific aspects of reward and their incentive value, leading to reduced goal-directed behavior and resulting in habitual responding (Johnson et al., 2005) .
Extending the phenotypic profile of the GluA1 KO mouse, we recently reported that GluA1 KO caused behavioral abnormalities considered relevant to schizophrenia (e.g., novelty-induced locomotor hyperactivity, impaired prepulse inhibition, Wiedholz et al., 2008) , bipolar disorder (e.g., lithium-reversible approach behavior, Fitzgerald et al., 2010) and depression (e.g., behavioral 'despair' after repeated stress, Chourbaji et al., 2008) . These observations led to the suggestion that gene deletion of GluA1 may produce a phenotype modeling some of the positive symptoms and at least one negative symptom (depressed mood) of schizoaffective disorder e an illness with a complex clinical presentation comprising elements of schizophrenia and bipolar mania (Fitzgerald et al., 2010; Sanderson et al., 2010) . The aforementioned cognitive and reward-related alterations in these mutant mice would be broadly congruent with this hypothesis.
Schizophrenia and schizoaffective disorder both present clinically with executive and cognitive dysfunction (Carter et al., 2008) . Moreover, schizophrenia is frequently co-morbid with drug addictions (DSM-IV, 1994) . The manic component of schizoaffective disorder in particular is often typified by 'excessive involvement in pleasurable activities with a high potential for painful consequences,' including substance abuse (DSM-IV, 1994) , suggesting a deficit in executive control over reward-seeking.
The aim of the current study was to extend the characterization of GluA1 KO mice to include behaviors associated with the negative and cognitive/executive symptoms of schizophrenia and schizoaffective disorder. To this end we tested the mutants for the acquisition and extinction of an operant response for food-reward, for operant-based pairwise visual discrimination and reversal learning, and for impulsive choice in a delay-based cost/benefit decision-making T-maze task. We extended our analysis to encompass other measures relevant to negative symptoms of schizophrenia and schizoaffective disorder. We tested for the propensity to consume a freely available pleasurable reward in the form of sucrose preference. Because schizophrenic and schizoaffective patients exhibit a 'restricted range of social contact' (DSM-IV, 1994) we also tested for conspecific social interactions.
Materials and methods

Subjects
GluA1 KO mice were generated as previously described (Zamanillo et al., 1999) 
For the experiments conducted in Oxford (sucrose preference, social interaction, impulsive choice), mice were maintained on a C57BL/6J Â CBA/J background. WT and KO mice were littermates bred in-house from heterozygous (HET) Â HET parents. Males and females were used. Mice were housed in same-sex groupings in a temperature-and humidity-controlled vivarium under a 12 h light/dark cycle (lights on 0700 h) and tested in the light phase. Experimental procedures were approved by the Home Office.
For the experiments conducted at the NIH (acquisition and extinction of operant responding, acquisition and reversal of visual discrimination learning), mice were backcrossed to produce a >75% C57BL/6J background, as verified by genome scan (Wiedholz et al., 2008) . WT and KO were littermates bred from HET Â HET parents, either bred at The Jackson Laboratory (Bar Harbor, ME) and transported to NIH at w8 weeks of age, or bred in-house. Males and females were used. Mice at the NIH were housed in same-sex groupings in a temperature-and humidity-controlled vivarium under a 12 h light/dark cycle (lights on 0600 h) and tested in the light phase. Experimental procedures were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and were approved by the local Animal Care and Use Committee.
Sucrose preference
Preference for a naturally rewarding substance such as sucrose has been used to investigate pleasure-seeking and a reduction in this behavior is taken to be indicative of anhedonia, a possible negative symptom of schizophrenia and related disorders (El Yacoubi et al., 2003; Strekalova et al., 2004) . Mice in this experiment (24 male WT, 21 female WT, 21 male KO, 26 female KO, usually housed 3e5 per cage) had previously been tested on the elevated plus maze (as reported in Fitzgerald et al., 2010) . Mice were individually housed in large cages (41.5 Â 25.5 Â 11.5 cm) with enrichment for 8 days with ad libitum access to food and 2 bottles. During the first 4 days, both bottles contained water. During the subsequent 4 days, 1 bottle contained water and the other contained an 8% (weight/volume) sucrose solution. The relative positions of the bottles were counter-balanced across mice and switched after every 2 days to prevent development of a place preference. Bottles were weighed at 0800 and 1800 h each day. Average sucrose consumption across the 4-day period was calculated by dividing bottle weights by 1.08 (weight in grams of 1 ml 8% sucrose w/v solution). Sucrose preference was also calculated by dividing sucrose consumption by total fluid consumption (sucrose/(sucrose þ water)).
Social behavior
To attain a measure relating to the restricted social interactions associated with schizophrenia and schizoaffective sufferers, we assessed the social activity of GluA1 KO mice. Mice in this experiment had previously been tested for sucrose preference (see above), as well as on the elevated plus maze, and monitored for home cage locomotor activity (as reported in Fitzgerald et al., 2010 ). Mice were first tested for free dyadic social interaction in a novel cage environment. Two mice of the same genotype and sex, that had previously been housed in separate cages, were placed in a clean cage (41.5 Â 25.5 Â 11.5 cm) with bedding sufficient to cover the bottom of the cage. Behavior was video recorded and manually scored off-line for the duration of social (defined as sniffing, grooming and following within 1 cm of the stimulus mouse) and aggressive (defined as biting, scratching and chasing the stimulus mouse) interactions over a 10 min session. The procedure was repeated the following day in a clean cage with a new social pairing. Behavior on these 2 days was averaged and categorized as the 'pre-habituation' condition.
The same mice were then tested in a familiar cage environment. We have previously shown that GluA1 KO mice are slower to habituate to a novel context (Sanderson et al., 2009 (Sanderson et al., , 2007 , and therefore they tend to explore the environment more than their littermate wild-type controls. Any differences in social investigation/behavior could therefore reflect differences in exploration of the testing environment which might be expected to compete with social exploration (Sanderson et al., 2011a) . Therefore, the mice were extensively habituated to the same test cage environment by repeated, individual exposures (10 min per day for 5 consecutive days, bedding changed for each trial). On the following 2 days, social interaction was tested as above, with a novel pairing used on each trial. These 2 days were averaged as the 'post-habituation' condition (for schematic, see Fig. 1A ). The effects of genotype, sex and context condition (pre-versus post-habituation) were analyzed using 3-factor ANOVA followed by Fisher's LSD post hoc tests.
In the experimental design above, the different outcomes in the pre-and posthabituation conditions could be due to either (i) the relative novelty/familiarity of the test environment, or (ii) the prior experience of social interaction testing. To distinguish between these possibilities, we conducted another experiment in a separate cohort of naïve mice (16 male WT mice, 16 male KO mice). A test cage was placed in each of 2 separate rooms with different distal spatial cues, and mice were individually exposed to one of the cages for 10 min per day for 7 days. Beginning the following day, mice were tested in a social dyadic encounter (as above) for 5 min. There were 3 social interaction tests on 3 consecutive days (each day in a clean cage with a novel pairing), and behavior was averaged across days. Shorter test encounters were used in this paradigm to reduce the amount of habituation to the novel testing environment. For these sessions, half of the mice (counterbalanced for genotype) were tested in the habituated context and the other half in the nonhabituated context (for schematic, see Fig. 1C ). The effects of genotype and context were analyzed using 2-factor ANOVA followed by Fisher's LSD post hoc tests. Note: data from 3 pairs of mice (KO/different context) were lost in this experiment due to a technical fault.
Acquisition and extinction of reward-seeking
As a further test of reward-seeking behavior, test-naïve mice were assessed for acquisition and extinction of a stimulus-response reward-seeking behavior using a touchscreen-based operant system (22 male WT, 12 female WT, 22 male KO, 12 female KO, housed 3-5 per cage). The apparatus was an operant chamber measuring 21.6 Â 17.8 Â 12.7 cm (model # ENV-307W, Med Associates, St. Albans, VT), housed within a sound and light attenuating box (model #ENV-022MD, Med Associates). The grid floor of the chamber was covered with solid Plexiglas to facilitate ambulation. A pellet dispenser delivering 14 mg dustless pellets (#F05684, BioServ, Frenchtown, NJ) into a magazine was located at one end of the chamber. At the opposite end of the chamber there was a touch-sensitive screen (Light Industrial Metal Cased TFT LCD Monitor, Craft Data Limited, Chesham, U.K.), a house-light, and a tone generator. The touchscreen was covered by a black Plexiglas panel that had 5 Â 5 cm 2 windows separated by 0.5 cm and located at a height of 6.5 cm from the floor of the chamber. Stimuli presented on the screen were controlled by custom software ('MouseCat', L.M. Saksida) and visible through the windows (1 stimulus/ window). Nosepokes at the stimuli were detected by the touchscreen and recorded by the software. Body weight was reduced and maintained at 85% free feeding weight throughout testing to motivate instrumental responding for food reward. Mice were progressively shaped to respond to visual stimuli presented on a touch-sensitive screen. First, variously shaped stimuli were presented on the touchscreen and their disappearance resulted in delivery of a single food reward in a magazine located at the opposite end of the operant chamber to the touchscreen. From this stage onwards, food reward coincided with the presentation of 2 Pavlovian cues: a 2 s 65 dB pure tone and a light in the magazine. Mice were required to eat 30 pellets within a 30 min session to attain criterion. Next, a visual stimulus appeared on screen until a response was made. Criterion was, again, 30 responses in less than 30 min. To shape mice to selfinitiate trials, mice were next required to produce stimuli on the screen by making a head entry into the magazine. Mice were required to make 30 responses in less than 30 min. In the final phase of acquisition, mice were required to respond to 30 presentations of the onscreen stimuli (1 Â 2.8 cm 2 white rectangles a square is presented in each window at every trial) (15 s inter-trial interval) in less than 12.5 min over 5 consecutive sessions. Trials to reach acquisition criterion was analyzed by ANOVA with sex and genotype as between-subject factors. Next, extinction of the operant response was measured as described previously in various inbred strains Lederle et al., 2011) and other glutamate mutant mice (NR2A KO: Brigman et al., 2008 ; GLAST KO: Karlsson et al., 2009 ). Responses to stimuli, each presented for 9 s, produced no food reward (nor Pavlovian cues). Extinction training continued until mice omitted !77% responses per session on 2 consecutive sessions. The effect of genotype, sex and session were analyzed by ANOVA, with repeated measures for session, followed by Fisher's PLSD post hoc tests. In order to examine within-session extinction, data from the first and last 3-trial blocks were calculated and we analyzed the effect of genotype and trialblock using 2-factor ANOVA, with repeated measures for trial-block, followed by Fisher's PLSD post hoc tests.
Discrimination and reversal learning
To assess further possible correlates of the cognitive symptoms of schizophrenia and related disorders, test-naïve mice were tested for pairwise visual discrimination and reversal learning using the touchscreen-based operant system, as previously described (Brigman et al., 2010; Izquierdo et al., 2006) . Mice (5 male WT, 5 female WT, 3 male KO, 5 female KO) first underwent pre-training as for the acquisition procedure described above. They then received an additional phase in which responses to a blank window during stimulus presentation produced a 5 s timeout (signaled by extinction of the house light) to discourage indiscriminate screen responding. Each of the responses at the blank window was followed by correction trials in which the same stimulus and spatial configuration was presented until a correct response was made. Performance criterion on this phase was ‡75% correct responses (excluding correction trials) over a 30-trial session.
For discrimination learning, 2 novel equiluminescent stimuli were presented in a spatially pseudorandomized manner over 30-trial sessions (15 s ITI). Responses at 1 stimulus (correct) resulted in reward; responses at the other stimulus (incorrect) resulted in a 5 s timeout (signaled by extinction of the house light) and were followed by a correction trial. Stimuli remained on screen until a response was made. Designation of the correct and incorrect stimulus was counterbalanced across genotype. Performance criterion was an average of 85% correct responses (excluding correction errors) over 2 consecutive sessions, with a minimum of 25 correct responses on any given session. These measures were analyzed using ANOVAs with sex and genotype as between-subject factors.
After attaining the discrimination criterion, the designation of stimuli as correct versus incorrect was reversed for each mouse and performance tested over 30-trial daily sessions to a criterion of 85% correct (excluding correction trials) over 2 consecutive sessions. The number of trials, errors and correction errors committed to attain discrimination and reversal criteria, as well as trials omitted, average stimulus reaction time, average reward retrieval latency, and average session completion time, were analyzed. We also examined the early stage of reversal (when behavior is relatively more perseverative) and late stage of reversal by separately analyzing trials, errors and correction errors for sessions where performance was below 50% and performance from 50% to criterion, as previously described (Brigman et al., 2008) . These measures were analyzed using ANOVAs with sex and genotype as between-subject factors.
We and others have previously found complex alterations in anxiety-related behavior in GluA1 KO mice Fitzgerald et al., 2010; Vekovischeva et al., 2004) , including locomotor hyperactivity in response to stress (Fitzgerald et al., 2010 ). Therefore, we tested a naïve cohort of mice for the effects of an acute stress exposure on reversal performance. Mice were subjected to a single 10 min forced swim stress as previously described (Boyce-Rustay et al., 2007) by individually placing them in a 20 cm-diameter cylinder filled to w13 cm with 24 AE 1.0 C water. 30 min later, mice were tested on a single reversal session (as above). Non-stressed controls remained in their home cage.
Impulsive choice
Impulsive choice behavior was assessed using a non-spatial T-maze task, as previously described (Mariano et al., 2009 ), but modified for mice. The apparatus was an enclosed T-maze consisting of a start arm (30 Â 10 cm) and 2 removable goal arms (30 Â 10 cm), surrounded by 30 cm high walls (see Fig. 4A ). A raised metal food well (12 mm diameter) was situated at the far end of each goal arm. The start arm, which was unpainted (natural wood color), led to the two goal arms which were painted in different colors: one with alternate black and white stripes (w2 cm wide) and the other uniform grey. The black/white or grey color covered the entire walls and floor of the goal arm from the entrance to the back wall behind the food well. Within each goal arm were two 30 cm high guillotine doors (also painted grey or with black and white stripes as appropriate), one at the entrance to the goal arm (Gate A), and one 5 cm from the end wall of the goal arm, just in front of the food well (Gate B). These doors could be independently moved so as to restrict or allow access to various portions of the goal arm as required. The doors were used to contain the mouse in the goal arm in order to be able to impose a delay between making a choice and receiving the reward.
Mice (8 male WT, 12 female WT, 7 male KO, 8 female KO) were maintained under food restriction in order to keep them at 85e90% of their free-feeding weight. They were first habituated to drinking sweetened condensed milk (diluted 50:50 with water) in their home cages before being fully habituated to the maze. During this stage of pre-training, goal arms of natural wood color were used. Mice were initially habituated to the maze in groups of two or three, with milk rewards freely available in both goal arms. They were then made to run individually for milk in each goal arm by preventing access to the alternate goal arm using Gate A. Once all the animals were running freely and readily consuming the rewards, training on the reward task began.
Mice were first trained to choose between a low reward (LR) arm which contained a 0.05 ml milk reward and a high reward (HR) arm which contained 0.25 ml. For half of the mice, the HR was associated with the black/white striped goal arm and the LR with the grey goal arm. For the remaining mice, the associations were reversed. There were no delays present during this stage of training and mice had immediate access to either reward. On each day of testing, mice first received two forced trials at the start of each training session (by closing the appropriate Gate A), one to the HR arm and one to the LR arm (the order of the forced trials was according to a pseudorandom sequence). The mice then received 5 free choice trials and their choices were recorded. The left/right orientation of the HR/LR arms was varied according to a pseudorandom sequence with no more than two consecutive trials with the arms in the same configuration. The number of trials in which the HR was on the left or the right was balanced across 2 consecutive test sessions (i.e., across each block of 10 choice trials).
Training in this zero delay condition continued for 12 days for a total of 60 trials and averaged into 10-trial blocks (Trial-blocks 1e6 in Fig. 4A ). Next, a 5 s delay was introduced into the HR arm. The doors (Gate B) at the end of both goal arms were now initially closed. If the mouse chose the HR arm, Gate B was kept shut and the animal was detained in the goal arm by closing Gate A. After a delay of 5 s, Gate B was raised allowing access to the HR. If the mouse chose the LR, Gate B was raised immediately and thus there was no additional delay to reinforcement. Each test session involved 2 forced trials and 5 choice trials.
After 6 training sessions with the 5 s delay, the delay in the HR arm was further increased to 10 s. Mice then received 6 test sessions (2 forced/5 choice trials per session) with a 10 s delay to reinforcement in the HR arm, and with immediate access to the food in the LR arm (3 blocks of 10 trials). Subsequently, mice then received a further 6 sessions with a 15 s delay in the HR arm and immediate access to the milk in the LR arm (3 blocks of 10 trials). In Phase E, an identical 15 s delay was also introduced into the LR arm. Therefore, the mouse was now detained for 15 s prior to reinforcement, irrespective of which arm was chosen. In Phase F, the contingencies from Phase D were re-introduced, with again no delay in the LR arm. By this stage the majority of mice were choosing the HR arm on the majority of trials, and rarely chose the LR arm. Because this resulted in little exposure to the change in contingency (i.e., that there was now no longer a delay present in the LR arm), all animals were first given 2 days of forced trials. They received 10 forced trials per day, 5 to the HR arm including a 15 s delay, and 5 to the LR arm with no delay. Thereafter, the mice received 6 days of testing (2 forced and 5 choice trials per day) with a 15 s delay in the HR arm and no delay to reinforcement in the LR arm (Phase F; Blocks 19e21). The effect of genotype, sex and block were analyzed using 3-factor ANOVA, with repeated measures for block, followed by Fisher's LSD post hoc tests.
Results
GluA1 KO mice show normal sucrose preference
GluA1 KO mice did not differ from WT controls in the amount of sucrose solution consumed or the preference for the sucrose solution over water (percent sucrose preference: WT 71.8% AE 2.1, KO 73.3% AE 2.0). Total fluid consumption also did not differ between genotypes (WT 38.2 ml AE 1.5, KO 36.8 ml AE 1.5). No effects of genotype, sex or sex Â genotype interactions were seen.
GluA1 KO mice show reduced social behavior in non-habituated but not habituated environments
In the first experiment comparing social behavior pre-and posthabituation to the test context, there was a significant interaction between genotype and habituation state (novel vs. familiar) for social interaction (F(1,172) ¼ 22.17, p < .01). Post hoc tests showed that GluA1 KO mice displayed less social interaction than WT in the non-habituated, novel context but not in the habituated, familiar test environment (Fig. 1B) . Aggression (seen only in male mice) was low in the pre-habituation environment and modestly, but significantly increased in the post-habituation environment (main effect of context: F(1,84) ¼ 4.61, p < .05). Overall, aggression was significantly lower in GluA1 KO mice than WT controls (main effect of genotype: F(1,84) ¼ 4.75, p < .05, genotype Â environment interaction: ns) (data not shown). Male mice also spent more time in social encounters than female mice (main effect of sex F(1,172) ¼ 50.70, p < 0.01), but this did not interact with genotype or environment.
In the second experiment comparing social behavior in habituated and non-habituated contexts (but now equating for the presence/absence of prior social testing), there was once again a genotype Â environment interaction for duration of social interaction (F(1,41) ¼ 7.87, p < .01). Analysis of simple main effects revealed that there was a strong trend for reduced social interaction in the KO mice in the non-habituated, novel test context (F(1,41) ¼ 3.34; p ¼ 0.08), broadly consistent with the data from the first experiment. In contrast, simple main effects analysis also showed that there was a significant effect of genotype when testing took place in the well-habituated, familiar context (F(1,41) ¼ 4.65; p < 0.05), which now reflected the fact that there was actually more social interaction in the GluA1 KO mice than in WT under these conditions (Fig. 1D) . Simple main effects also showed that whereas social interaction was significantly greater in the habituated context relative to the non-habituated context in GluA1 KO mice, this was not the case for the WT controls. Virtually no aggressive behavior was observed during this test, regardless of genotype or context (data not shown).
3.3. GluA1 KO mice show faster acquisition but impaired extinction of an instrumental response for reward GluA1 KO mice required significantly fewer trials than WT controls to reach criterion for acquisition of the operant response (F(1,65) ¼ 8.97, p < .01) (Fig. 2A) . Genotypes did not differ in either stimulus reaction time or reward-retrieval latency during acquisition (Fig. 2B) . No effect of sex or interactions with sex were seen on any measure.
There was a significant genotype Â session interaction for percent responding during extinction (F(4,192) ¼ 3.17, p < .05). Post hoc tests showed that GluA1 KO mice made significantly more responses than WT controls during the first 3 extinction sessions (Fig. 2C) . Within-session analysis of extinction (Fig. 2D ) revealed a significant reduction in responding from first to last trial-block of session 1 in WT controls (t ¼ 7.05, df ¼ 33, p < .01) but not GluA1 KO mice, such that GluA1 KO mice were responding more than WT controls by the last block. On the second session, both WT (t ¼ 3.52, df ¼ 33, p < .01) and GluA1 KO (t ¼ 2.26, df ¼ 34, p < .05) mice showed a significant within-session reduction in responding, but responding remained higher in the KO than the WT mice on both blocks. On the third session, responding in GluA1 KO mice remained higher than WT controls on both the first and last blocks, and neither genotype showed a significant reduction across blocks. Genotype differences in responding were absent by the fourth session. 
GluA1 KO mice show altered performance during reversal learning
Discrimination learning did not differ between GluA1 KO mice and WT controls, as measured by the number of trials, errors and correction errors to reach criterion (Table 1) . Genotypes also did not differ on the number of trials omitted or reward-retrieval response times, while GluA1 KO mice showed a non-significant trend for faster stimulus-response times than WT controls ( Fig. 3B ), but not correction errors (Fig. 3C) , than WT controls during the early reversal stage when correct responding was subchance. Stimulus-reaction times and reward-retrieval latencies were no different between genotypes (Fig. 3D) 
GluA1 KO mice show increased impulsive choice
GluA1 KO mice and WT controls both showed a gradually increasing preference for the HR arm during training when no delay was present in either goal arm of the maze (main effect of trial block: F(5,155) ¼ 40.75, p < 0.001; main effect of genotype: ns; trial block Â genotype interaction: ns). All mice learned to discriminate between the two patterned goal arms and were choosing the HR option on the majority of trials by the end of training (Phase A). During subsequent test phases, in which the delay to reinforcement was manipulated, there was a significant genotype Â delay-block interaction for HR arm preference (F(4,124) ¼ 29.0.022, p < 0.001). Post hoc tests showed that genotypes did not differ in terms of HR arm preference with a 5 or 10 s delay in this arm, but GluA1 KO mice showed significantly less preference for the HR arm than WT controls under the 15 s delay condition (Fig. 4B ). Genotype differences were not, however, evident if access to HR and LR in both arms were similarly delayed by 15 s, confirming that GluA1 KO mice were still able to discriminate between arms as well as WT during this phase of testing. On resumption of the condition with a 15 s delay in the HR-arm only, GluA1 KO mice once again showed significantly less preference than WT controls for the delayed, HR arm. No effects of sex or interactions with sex were seen during any stage of task.
Discussion
The current study found that GluA1 KO mice exhibited a context-dependent reduction in social behavior, showed faster acquisition and slower extinction of an instrumental stimulusresponse, and displayed increased impulsive choice. By contrast, pairwise visual discrimination was intact, and, although there was some suggestion that GluA1 KO mice were initially faster to reverse this discrimination when performance levels were sub-chance, overall the two genotypes did not differ across the entire reversal phase of the experiment. Sucrose preference was normal in these mice. Thus, the GluA1 null mutation produced a highly specific set of behavioral abnormalities, some of which are relevant to the negative and cognitive symptoms of schizophrenia and schizoaffective disorder. Although no mouse model can recapitulate the full symptom spectrum of a human neuropsychiatric disorder, GluA1 KO mouse display an interesting accumulation of schizoaffective-relevant phenotypic abnormalities.
GluA1 KO mice show reduced social behavior in novel but not familiar environments
Social interaction with an unfamiliar conspecific mouse was markedly reduced in GluA1 KO mice when tested in a novel, unfamiliar context to which the experimental subjects had not been extensively habituated. This is consistent with a prior report of GluA1 KO mice showing reduced directed (anogenital) social investigation in a novel context, albeit over a longer (sixty minute) session than used here (Wiedholz et al., 2008) . The novel finding here was that GluA1 KO mice actually engaged in significantly more social interaction than WT controls when tested in a familiar, well habituated context.
Profound deficits in short-term habituation have been seen in other test settings with GluA1 KO mice. For example, GluA1 KO mice exhibit deficits in habituation to novel spatial environments (Sanderson et al., 2009 (Sanderson et al., , 2007 Wiedholz et al., 2008) , and also to non-spatial stimuli, including object (Sanderson et al., 2011a,b) . The pattern of results in the social interaction studies may also be explained in terms of differences in short-term habituation. The reduced social behavior seen in an unfamiliar (non-habituated) environment in GluA1 KO mice could be another manifestation of a failure to habituate to the context, and a resultant increase in environmental exploration, that competes with, and thus reduces, levels of social investigation. We have observed a similar pattern with object investigation levels as animals become familiar with the test context (Sanderson et al., 2011a) . Initially, object exploration levels were lower in GluA1 KO mice, presumably reflecting competition from exploration of the context, but then as the animals habituated to the context across repeated test sessions, object exploration levels were higher in the knockout animals. Consistent with this account, social interaction levels were rescued when mice were subsequently habituated to the environment prior to further testing. In fact, in the second experiment, levels of social investigation were actually higher in the GluA1 knockouts in the familiar environment. Of course, this increase in social investigation may also reflect a deficit in short-term habituation to social stimuli, although it could also reflect enhanced long-term habituation to the text context (Sanderson et al., 2009) . Thus, in these experimental settings the levels of social investigation observed reflect the complex interactions between the various exploratory responses to both the testing context and the target stimuli, and the relative rates at which these competing responses habituate.
Thus, the reduction in social behavior exhibited by the GluA1 KO mice in the novel test context is unlikely to reflect a fundamental deficit in social behavior, but rather may be secondary to deficits in short-term habituation to the testing context and the altered allocation of attentional resources. Nevertheless, the possibility that deficits in social behavior in unmedicated schizophrenic patients may, in part, reflect a core attentional or cognitive impairment should not be completely ruled out (Goldberg et al., 2010) . Further studies are required to investigate this issue.
GluA1 KO mice show impaired extinction of an instrumental response for reward
In contrast to deficits in short-term habituation, certain forms of associative learning are preserved, or even enhanced in GluA1 KO Fig. 4 . GluA1 KO mice show increased impulsive choice in a delay-based cost/benefit decision-making task. (A) T-maze apparatus. Mice were placed in the start arm of the T-maze and allowed to choose (Gates A open) between the 2 visually-distinct goal arms, associated with either a high-(HR) or low-(LR) milk reward. On entry into an arm, Gate A was immediately closed and a forced waiting period (5e15 s for HR arm, 0 s for LR arm) imposed before Gate B was opened to allow access to the reward. (B) GluA1 KO mice and WT controls exhibited preference for the HR arm over 6-training sessions (0 delay for HR arm). In both genotypes, HR arm preference was maintained at a 5 s delay and slightly reduced at a 10 s delay. At a 15 s delay, GluA1 KO mice showed less HR-arm preference than WT controls. When both arms were HR at the 15 s delay, genotypes did not differ, but GluA1 KO mice again showed less HR arm preference when the 15 s delay was reinstated. n ¼ 15e20 per genotype. Data are Means AE SEM. **p < .01 WT vs. KO. Sanderson et al., 2009) . The current study found that GluA1 KO mice acquired a simple instrumental stimulus-response more rapidly than WT controls. Subsequently, the mutants appeared to be slower to extinguish this behavior. Unlike WT mice, the KO mice initially showed no within-session extinction during the first session and maintained elevated levels of responding over subsequent sessions. However, it is impossible to separate an account of these data based on impaired extinction from one based on stronger acquisition of the operant response preceding the extinction phase. Therefore, while the GluA1 KO mice clearly show impaired extinction, this may be a function of stronger acquisition.
It is important to note that even though all mice were individually trained to a fixed performance criterion during acquisition, the possibility that the impaired extinction in GluA1 KO mice was a consequence of stronger initial learning cannot be ruled out. It does not, however, appear that faster acquisition and slower extinction were simply due to hyperactivity or increased motivation to obtain the reward because neither stimulus response times nor reward-retrieval latencies during acquisition differed between genotypes. Also of note in this regard is that GluA1 KO mice showed no increased preference for (freely available) sucrose, further arguing against a generalized hyperhedonia, although it is also important to recognize the limitations of using sucrose preference as a simple measure of pleasure seeking. In summary, the apparent impairment in extinction could reflect a loss of inhibitory control over this behavior, and as such would extend the earlier finding that these mice also exhibit deficient extinction of cocaine-seeking (Mead et al., 2007) , or alternatively it could reflect stronger initial learning. More generally, GluA1 KO mice might be considered to have a deficit in the ability to moderate reward-seeking behaviors across a range of behavioral assays. Taken together with the finding that these mutants also have an increased propensity for forming habitual responses for reward (Johnson et al., 2005) , their phenotype could be tentatively conceptualized as being 'compulsive-like'. This notion is broadly congruent with compelling evidence that GluA1-containing AMPAR are key mediators of reward-and addiction-related behaviors, and compulsive drug-seeking in particular (Bowers et al., 2010) . This, in turn, has implications for a number of psychiatric disorders involving altered reward processing and risk-seeking behaviors, including schizophrenia-like and affective disorders, as well as drug-dependent states.
GluA1 KO mice show increased impulsive choice but normal reversal
We also assessed GluA1 KO mice in two other major domains of executive function: impulsivity and cognitive flexibility. Impulsive choice was assessed in a non-spatial T-maze task in which mice were required to choose between a delayed, high reward and an immediate, low reward, which were associated with visually distinct goal arms. The mutants were less likely than WT controls to choose a large reward over a small reward when there was a long, forced delay to access the larger reward. Genotypes did not differ in reward choice under either shorter delay or free-choice conditions, or when there was an equivalent 15 s delay in both goal arms, demonstrating that the mutant deficit was specifically driven by delay-intolerance (i.e., increased impulsive choice). These data are in line with our previous finding that GluA1 KO mice also display what might be considered an impulsive phenotype on a differential reinforcement of low rates of responding (DRL) operant task (Reisel et al., 2005) , and support a robust impulsivity phenotype in these mutants across tasks.
We have previously reported a mild spatial reversal deficit in an appetitively motivated cross-maze task but normal reversal in a water-maze task (Schmitt et al., 2004) in GluA1 KO mice. In the current study, we found that GluA1 KO mice were not impaired on reversal of a pairwise visual discrimination in a touchscreen-based procedure and that this was not affected by stress, although the group sizes for this experiment were small than in other tasks detailed in this paper. There was actually a suggestion for modestly superior reversal learning during the early stages of reversal, relative to WT controls. The GluA1 knockout animals made significantly fewer errors in the early stages of reversal when performance levels were sub-chance. However, we are cautious not to over-emphasize this particular finding as such an improvement from sub-chance levels of performance up to chance levels is difficult to interpret. Thus, effects of GluA1 deletion on reversal learning may depend upon either the test parameters (e.g., visual versus spatial, maze-based versus operant-based), and/or the underlying neural systems being recruited to subserve performance. These data also show that, unlike the increased rate of stimulus-response acquisition, mutants did not exhibit improved learning of the initial discrimination task. Nevertheless, these data also provide further evidence that GluA1 KO mice do not have a generalized cognitive impairment. It also underscores how different measures of cognitive/executive function tested in the touchscreen system are highly dissociable within the same mutant mouse or pharmacological manipulation (Bussey et al., 2012) .
The GluA1 KO mouse phenotype
On the basis of the pattern of behavioral and neurochemical abnormalities found in the GluA1 KO mouse in a number of previous studies, we recently suggested that these mutant mice may model certain features relevant to schizophrenia or schizoaffective disorder (Fitzgerald et al., 2010) . There are further potential parallels between these disorders and some of the phenotypes observed in the GluA1 KO mice in the current study. Although speculative, this could include the social deficits seen in GluA1 KO mice, which might, in part, bear some resemblance to the social deficits in schizophrenia and schizoaffective disorder. Notably, the dependence of this deficit on the novelty of the experimental context may better represent the narrowing of social activity in schizoaffective patients rather than an overall diminished ability to interact. This dissociation of effects in familiar and novel environments, more broadly, is in keeping with the impaired short-term habituation exhibited by the GluA1 KO mice in a number of tests and consequent alterations in the allocation of attentional resources (Sanderson et al., 2011a (Sanderson et al., , 2010 .
With regards to the pattern of cognitive and executive alterations we found in these mice, the apparently impaired operant extinction could be reminiscent of the deficient extinction of fear responses in schizophrenia (Holt et al., 2009) , although it could also simply reflect stronger initial acquisition of the operant response. Note that it was not possible to test fear extinction in GluA1 KO mice because these mice have an impairment in fear learning per se (Feyder et al., 2007; Humeau et al., 2007) . Moreover, rates of comorbid substance abuse are higher in patients with schizophrenia or schizoaffective disorder who score high for impulsivity, disinhibition and novelty-seeking (Blanchard et al., 1999; Dervaux et al., 2001 ) e phenotypes which characterize the GluA1 KO mutant mouse. As noted earlier, however, even with these overt similarities, we caution against drawing too strong a connection between the behavior of this mouse and the human clinical picture until additional work to elucidate underlying their respective neural bases.
Finally, the present data also demonstrate that at least some positive, negative and cognitive symptoms could potentially derive from disruption to a single, core psychological process. For example, we have argued that GluA1 may play a very specific role in short-term habituation processes and, thus, in modulating attentional intensity and perceived stimulus salience. In particular, we have argued that in GluA1 knockout mice the attentional intensity of stimuli remains stronger for longer (Sanderson et al., 2010) . This, of course, may have important implications for certain psychiatric disorders, most notably schizophrenia. Attentional deficits are a core symptom of this disease. Furthermore, it has been suggested that hallucinations and delusions may reflect the formation of inappropriate associations between stimuli, something that would not normally occur in healthy individuals (Frith, 1996; Gray et al., 1991; Hemsley, 1994; Kapur, 2003) . In this respect, it is interesting that in certain situations, including the acquisition of the stimulus-response reward seeking behavior in the present study, associations can form more readily in GluA1 KO mice (see also Sanderson et al., 2009) . Thus, an inability to reduce the attentional intensity of stimuli, as a result of deficits in GluA1-mediated shortterm habituation, may result in associations being formed more readily (or indeed inappropriately), which, in turn, may have consequences for the patient's perception of his or her external environment. Furthermore, the present data also show how deficits in social behavior could manifest as a result of differences in the perceived salience of target and contextual cues, and the rate at which habituation occurs to these stimuli. Deficits in short-term habituation and modulation of stimulus salience cannot explain all of the symptoms associated with schizophrenia or schizoaffective disorder, but they may contribute to a number of the core features of these conditions. Of course, the role of GluA1 in other neural circuits, such as in those required for representing sensory specific aspects of outcomes, and thus in regulating the balance between goal-directed and habitual responding, are also likely to be of great importance (Johnson et al., 2005; Mead and Stephens, 2003) .
Conclusions
The goal of the current study was to extend the phenotypic characterization of GluA1 KO mice for a range of social and cognitive/executive behaviors thought to be relevant to the negative symptomatology of schizophrenia and schizoaffective disorder, given earlier work indicating that these mice model aspects of the positive symptoms of these disorders. We found GluA1 KO mice exhibit reduced social behavior in a novel context, faster acquisition and impaired extinction of a reward-seeking response, and increased impulsive choice. It is of course important to emphasize that this mouse model involves constitutive deletion of GluA1. Although this is not necessarily a shortcoming from a modeling perspective, given evidence that glutamatergic influences on schizophrenia-related phenotypes are developmentally regulated (Belforte et al., 2010) , it does not allow us to differentiate between effects of GluA1 loss in adult brain versus those arising from developmental disturbances. Nonetheless, these mice provide a valuable tool for studying the role of GluA1 in the pathophysiology of major psychotic illness, especially as pharmacological tools do not exist to probe selectively the roles of individual AMPA receptor subunits in the way that is possible with these mice.
